Essential amino acids, quinine, sodium dodecyl sulfate (SDS), and several ROS scavengers, such as butylated hydroxyanisole (BHA), reduced gluthatione (GSH), sodium azide (NaN3), and Tryptophan (Trp), an aromatic amino acid, is a constituent of peptides/proteins and is also a precursor of serotonin, kynurenine derivatives, and nicotinamide adenine dinucleotides. There have been a number of reports on photochemical reactions involving peptides/proteins which contain Trp that showed significant photodegradation, dimerization, and photoionization. The photochemical properties of Trp have not been fully elucidated, and this would provide novel insight into the handling of Trp-containing peptides/proteins. Consequently, we have been trying to evaluate the photochemical properties of Trp, as well as other essential amino acids, focusing on their photosensitivity, photodegradation, and their ability to induce lipid peroxidation. Among all the essential amino acids tested, Trp exhibited the maximal level of superoxide anion generation under 18 h of light exposure (30000 lux). UV spectral analysis of Trp suggested the absorbability of UVA/B light, and exposure of Trp, in both solid and solution states, to UVA/B light resulted in significant photodegradation (t0.5: 18 h) and gradual color changes. In addition, photoirradiated Trp generated lipoperoxidant, a causative agent of photoirritation, and this might be associated with ROS generation.
Introduction
Phototoxic skin responses, including both photoirritancy and photoallergic reactions, are caused by the administration of some drugs or chemical compounds, followed by exposure to sunlight. [1] [2] [3] The occurrence of phototoxicity is dependent on the direct absorption of the appropriate wavelength of sunlight, specifically UVA (320 -400 nm) and UVB (290 -320 nm), which is mediated by free radicals or peroxide reactions in the presence of photosensitizers in the skin. It is well-established that lipids, peptides, and proteins are the targeted biomolecules of photoirritancy and photoallergy. 4, 5 In particular, photoallergic reactions are stimulated by antigens, a complex of proteins and activated photosensitizers and/or oxidized proteins produced under light exposure.
Proteins are major targets for photooxidation within cells due to their high abundance. The photooxidation of proteins, as well as other biomolecules, has been traditionally defined as occurring via two major routes as follows: first, direct photooxidation arising from the absorption of UV radiation by the protein structure, or bound chromophores, thereby generating excited state species (singlet or triplets) or radicals as a result of photoionization (Type I processes); second, indirect oxidation of the protein via the formation and subsequent reactions of singlet oxygen generated by the transfer of energy to ground state (triplet) molecular oxygen by either protein-bound or other chromophores.
The essential amino acid Trp, having an indole ring, is a constituent of peptides/proteins and is also a substrate for the biosyntheses of serotonin, kynurenine derivatives, and nicotinamide adenine dinucleotides. Recently, there have been reports indicating that some Trp-containing proteins showed photochemical reactions, such as photodegradation, dimerization, and photoionization. [6] [7] [8] Although the photostability of Trpcontaining peptides/proteins has been investigated, the pathway for photochemical reactions induced by Trp has not yet been fully elucidated.
Previously, we reported on the screening method for phototoxicity in the early phase of the drug discovery process. 9 The screening method we developed would be effective for the assessment of photosensitive/phototoxic potential by determining the generation of reactive oxygen species (ROS). In this investigation, we evaluated the photoreactivity of essential amino acids using the screening method we reported, with the aim being to understand the photochemical properties of Trp, as well as the other essential amino acids. In addition, we investigated the photostability and the photodegradation pathways of irradiated Trp, to clarify the role of ROS in the photochemical response. We also demonstrated that Trp could induce photodynamic lipid peroxidation, possibly leading to the phototoxic skin responses. D-mannitol, were purchased from Sigma (St. Louis, MO), Wako Pure Chemical Industries (Osaka, Japan), or Funakoshi (Tokyo, Japan). p-Nitrosodimethylaniline (RNO), imidazole, and nitroblue tetrazolium (NBT) were obtained from Wako Pure Chemical Industries.
UV spectral analysis
All tested compounds were dissolved in 20 mM sodium phosphate buffer (NaPB, pH 7.4) at a final concentration of 20 μM. Ultraviolet-visible (UV-Vis) absorption spectra were recorded with a JASCO V-560 double-beam spectrophotometer (JASCO, Tokyo, Japan) interfaced to a PC for data processing (software: Spectra Manager). Spectrofluorometer quartz cells with 10 mm pathlengths were employed.
Irradiation conditions
Each tested compound was stored in a light-irradiation tester, Light-Tron Xenon (LTX-01, Nagano Science, Osaka, Japan), equipped with a xenon lamp. The spectral output of the lamps through the optical filter 310 and an infrared cutting filter (Nagano Science) was 310 -800, with a maximum at 470 nm. The illuminance was set at 30000 lux, and the irradiation test was carried out at 25˚C. Illuminance (30000 lux) was checked on a UVR-2 radiometer (Topcon, Tokyo, Japan) for each experimental procedure.
Determination of reactive oxygen species
Singlet oxygen. Singlet oxygen was determined following the Kraljic and Mohsni procedure, 10 and it was measured in CH3CN:H2O = 1:1 by spectrophotometrically monitoring the bleaching of RNO at 440 nm using imidazole as a selective acceptor of singlet oxygen. Samples under examination (final concentration; 20 -400 μM), RNO (50 μM) and imidazole (50 μM) in 20 mM NaPB (pH 7.4) were irradiated with UVA/B for different periods in a 96-well plate. Superoxide anion. Superoxide anion was determined according to Pathak and Joshi procedure. 11 Samples under examination (final concentration; 20 -400 μM) and NBT (200 μM) in 20 mM NaPB were irradiated for indicated periods, and the reduction of NBT was measured by the increase of their absorbance at 560 nm. The same experiments were performed in the presence of ROS scavengers to clarify the involvement of superoxide anion in the NBT reduction.
Photostability testing
Solutions of Trp (0.1 mg/mL) dissolved in 20 mM NaPB (pH 7.4) in 5 mL glass vials were exposed to UVB-UVA irradiation. At selected times, the solutions were directly subjected to HPLC analysis in order to monitor the photodegradation of Trp. The HPLC system consisted of a Waters Alliance system (Waters, Milford, MA), an Inertsil ODS-3 (particle size, 3 μm; column size, φ4.6 × 150 mm; GL Sciences, Tokyo, Japan), and a photodiode array detector (Model 996; Waters) with a detection wavelength of 210 nm for Trp. The mobile phase consisted of 0.35% perchloric acid-acetonitrile 86:14 (v/v) with a flow rate of 1.0 mL/min.
Photosensitized peroxidation of linoleic acid
Linoleic acid (1 mM), suspended in 20 mM NaPB (pH 7.4) containing 0.05% Tween 20, was irradiated in the presence of the tested compound (200 μM), and lipid peroxidation was measured using a thiobarbituric acid (TBA) assay as described previously. 12 To the irradiated sample (500 μL), 0.67% TBA dissolved in 20 mM NaPB (pH 7.4, 1 mL) and 10 μL of 1.0% butylatedhydroxytoluene solution in glacial acetic acid were added, and the mixture was heated at 95˚C for 30 min. The mixture was extracted with 1.0 mL of 1-butanol, and the absorbance of extract was measured at 532 nm for the determination of TBA reactive substances (TBARS). A standard curve of 1,1,3,3-tetraethoxypropane was used to quantitate the amount of malondialdehyde (MDA) produced.
Data analysis
For statistical analysis, a one-way analysis of variance (ANOVA) with the pairwise comparison by Fisher's least significant difference procedure was used. A P value of less than 0.05 was considered significant for all analyses.
Results and Discussion

Generation of reactive oxygen species from photoirradiated amino acids
Some food additives, pigments, and pharmacological agents that have intensive chromophores may induce phototoxic skin responses, including photoirritation, photoallergy, and photogenotoxicity, by acting as photosensitizers. [13] [14] [15] There are two main processes responsible for photosensized reactions: (1) the chromophore is excited by light to a triplet state, and undergoes a direct electron or hydrogen exchange with a substrate, creating a free radical (Type I process); (2) energy transfers from the excited chromophore directly to oxygen, resulting in the generation of reactive singlet oxygen (Type II process). In this study, the photochemical properties of 20 amino acids, components of naturally-occurring peptides/proteins, were examined and compared. The generation of singlet oxygen was evaluated by the spectrophotometric measurement of RNO bleaching, induced by activated imidazole as a singlet oxygen specific substrate. 10 In addition, the superoxide anion was determined colorimetrically by measuring the reduction of NBT, resulting in the production of nitroblue diformazan, a blue dye with an intense absorption at 560 nm. Table 1 summarizes the results from the ROS assay, indicating the significant generation of ROS from some irradiated amino acids. Of all the amino acids tested, Trp, histidine, and tyrosine, when exposed to UVA/B, generated superoxide anion. Trp in particular, exhibited the highest level of superoxide anion production. data were consistent with the results, indicating that these chromophoric amino acids could absorb UV light and become activated. [6] [7] [8] The generation of singlet oxygen and superoxide anion by the other amino acids at a concentration of 200 μM (Table 1) and even 500 μM (data not shown) were negligible.
Photochemical characterization of Trp
In general, none of the amino acids other than tyrosine, phenylalanine, histidine, and cysteine, show any significant UV absorption in the UVA/B region. Peptide bonds exhibit a weak absorption band at 210 -220 nm with a molar absorption coefficient of ca. 100 dm 3 mol -1 cm -1 , due to n → π* transition. 16 Trp is one of the major chromophoric amino acids, and the absorption spectra of Trp are shown in Fig. 1 , along with those of quinine, an anti-malarial drug, and SDS, a nonphotosensitive compound used as a control. Quinine is identified as one of the phototoxic drugs, and has been reported to generate ROS only in exposure to UVA/B. 17 SDS has been known to be insensitive to light, as evidenced by the fact that ROS generation from SDS exposed to light was found to be negligible. Therefore, it was selected as a negative control. 18 The spectrum of Trp exhibited absorption maxima at the wavelengths of 220 and even 280 nm (molar extinction coefficient: 22900 and 3800, respectively) partly overlapping with the solar spectrum, which would suggest the excitability of the indole moiety in the Trp molecule by UVA/B irradiation. Quinine also showed strong absorption in the UVA/B range, whereas the UVA/B absorption of SDS was negligible.
Thus, Trp exhibited UVB absorbing potential, and its ability to produce ROS under light exposure was well evaluated. Each sample was dissolved in 20 mM NaPB (pH 7.4) and exposed to UVA/B for the various indicated times, and the generation of ROS induced by irradiated compounds are shown in Figs. 2 and  3 . Based on the data obtained, both singlet oxygen and superoxide anion were generated in significant quantities from Trp in a dose-dependent manner, when exposed to light, whereas the generation of singlet oxygen from irradiated Trp was negligible at less than 200 μM ( Figs. 2A and 3A) . When compared to quinine, the generation of superoxide anion, produced from the irradiated Trp, was about three times less than quinine at 12 h (Fig. 3B) , and the generation of singlet oxygen from the irradiated Trp was very low, even at 24 h (Fig.  2B) . In contrast to the results presented, without light exposure, the generation of ROS from Trp was negligible (data not shown). Therefore, ROS generation from Trp would be photodynamic, and this is consistent with our previous observations on quinine and some photosensitizers. 9 Quinine did not generate any ROS as long as it was protected from light, whereas photoirradiated quinine exhibited the generation of ROS and both singlet oxygen and superoxide anion in concentration-and time-dependent manners. 9 Singlet oxygen reacts rapidly with proteins, 19, 20 and interacts with them via two pathways; (1) physical quenching results in energy transfer and de-excitation of the singlet state without any chemical change in the energy acceptor; (2) a chemical reaction results in chemical changes in targets. Irradiated Trp may react with singlet oxygen through both processes which vary with the presence and position of the substituents on the indole ring of Trp.
ROS-mediated photodegradation of Trp
The stability of Trp was assessed in both solid and liquid states. In the solid state, significant changes in the color were confirmed, and the color changes were monitored by colorimetrical evaluation (Table 2 ). This characterizes color according to three special coordinates, L*, a*, and b*, where L* represents the brightness of shade and a* and b* represent the amount of red-green and yellow-blue color, respectively. As a* increases in value, the color becomes more red. As b* increases in value, the color becomes more yellow. ΔE represents the color change in all dimensions, and is given by: ΔE* = ((ΔL*) 2 + (Δa*) 2 + (Δb*) 2 ) 1/2 , where ΔL*, Δa*, and Δb* represent the differences between the initial color and the 945 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 specimen coordinates. According to the results from the solidstate stability study, the surface color of crystalline Trp gradually grew dark and yellowish, as evidenced by the fact that L* and b* increased with exposure to light.
To evaluate its solution-state stability, we dissolved Trp at a concentration of 0.1 mg/mL in 20 mM NaPB (pH 7.4), and exposed the mixture to UVA/B radiation from a solar simulator (xenon arc lamp, 30000 lux) at 25˚C. HPLC analysis clearly showed time-dependent photodegradation of Trp (Fig. 4) . Although Trp kept in the dark did not show any degradation, light exposure of Trp for 24 h resulted in ca. 68% decomposition, generating many unidentified photodegradants as confirmed in HPLC analysis.
In addition, the photodegradation of Trp was also evaluated on the basis of the kinetic photodegradation constant k and half-life time (t0.5), with respect to the initial drug concentration. A linear relationship was obtained according to the following equation: ln A = ln A0 -kt (apparent first-order kinetics; r = 0.957), where A is the remaining peak area, k is the slope, and t is time (h); then the values k and t0.5 of Trp were calculated to be k = 0.05 h -1 and t0.5 = 18 h, respectively (Table 3) .
In an attempt to evaluate the possible role of ROS in the photodegradation of Trp, we performed a series of experiments in which various scavengers were included in the Trp solution during irradiation. The scavengers used were as follows: BHA and GSH, free radical scavengers; 21 NaN3, singlet oxygen scavenger; 21, 22 and D-mannitol, a superoxide scavenger. 23 The addition of scavengers to the Trp solution produced a protective effect on photodegradation (Fig. 4) . Table 3 summarizes the inhibitory effect of scavengers on the photodegradation of Trp. Interestingly, BHA and GSH were able to inhibit the photodegradation of Trp, as evidenced by the fact that t0.5 of irradiated Trp with NaN3, BHA, or GSH were found to be 2.7, 7.2 and 131 times longer than Trp itself. In contrast, no significant attenuation on the photodegradation of Trp was observed after the addition of D-mannitol at a concentration of 1.0 mM and even 50 mM. These results strongly suggested that the superoxide might not play an important role in the photodegradation of Trp, whereas singlet oxygen and other unidentified radical species were thought to be responsible for the photoreactivity of Trp.
According to Nakagawa's work, the reaction of Trp with 946 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 Light intensity, 30000 lux; light source, xenon lamp. Tested compounds were dissolved in 20 mM NaPB (pH 7.4), and then exposed to light (30000 lux) for 0 -24 h. singlet oxygen gives both N-formylkynurenine and 3α-hydroxypyrroloindoles. 24, 25 It is known that N-formylkynurenine and kynurenine are significant photosensitizing agents and much better singlet oxygen generators than Trp itself. 26 Thus, in this investigation, the excessive singlet oxygen might be produced from N-formylkynurenine and kynurenine, and subsequently enhance the photodegradation of Trp.
Photodynamic lipid peroxidation induced by irradiated Trp
Lipid peroxidation, which is highly detrimental to cell membrane structure and function, is accelerated by some photoirradiated drugs, 27, 28 and we previously suggested that ROS generation would be in the upper stream of lipid peroxidation, as well as other phototoxic skin responses including photogenotoxicity and photoallergy. 9 Thus, we attempted to investigate the ability of Trp to photosensitize the peroxidation of linoleic acid as the unsaturated lipid model. In this investigation, to evaluate and compare the lipid peroxide level, we determined MDA, a secondary product of lipid peroxidation, by the TBA method. UV irradiation of a linoleic acid (1 mM), dissolved in 20 mM NaPB (pH 7.4) in the absence of the compound tested formed small amounts of peroxidation products. However, in the presence of the compound tested, peroxidation was enhanced significantly. Trp in particular produced the lipoperoxidant in amounts about 3.6 times higher than the irradiated linoleic acid itself and about 2.0 times higher than quinine (Fig. 5) . There was no significant difference in the amount of lipoperoxidant between irradiated linoleic acid with or without SDS, suggesting that SDS has no phototoxic/photosensitive potential. When considered together, such results were consistent with our other photochemical experiments, whereas the amount of TBARS was not completely relative to the generation of ROS. The order of TBARS forming ability was as follows: Trp > quinine > SDS. The superoxide anion is relatively less reactive in comparison with other radicals, and biological systems can convert it into other more reactive species, such as peroxy, alkoxyl, and hydroxyl radicals. This might be part of the reason why the ROS generated from photoirradiated Trp did not completely correlate with the amount of TBARS.
Radical chain reactions are comprised of three steps; initiation, propagation, and termination.
The first step, initiation, is caused by electron leakage, metal-ion-dependent reactions and autoxidation of lipids and sugars. The consequent target oxidation is superoxide anion-dependent, and involves several propagating radicals, notably alkoxyl radicals. It is well established that alkoxyl radicals, as well as ROS, can initiate lipid peroxidation. 29, 30 In our previous investigation, all ROSgenerating drugs exhibited the induction of lipid peroxidation, indicating a clear relationship between ROS generation and lipid peroxidation. The results obtained in this study also support these findings; therefore, Trp or Trp-rich peptides/proteins, especially after topical administration, might have the potential to induce some photochemical reactions in the cell membrane.
Conclusion
The major findings of this study are that: (1) Trp could generate ROS, especially superoxide anion, under exposure to light; and (2) irradiated Trp would enhance lipid peroxidation. Our data clearly indicated that Trp was sensitive to UVA/B and might be phototoxic. Trp in particular, was easily oxidized following light exposure, leading to significant photodegradation, via the generation of ROS. Therefore, it is important to be careful when synthesizing, storing, or prescribing Trp-rich peptides/proteins pharmaceutically, due to the fact that they may require light protection.
